An experimental setup for electrostatic measurement of ε0, separated magneto-static measurement of µ0 and determination of the velocity of light c = 1/ √ ε0µ0 according to Maxwell theory with percent accuracy is described. No forces are measured with the experimental setup therefore there is no need of a scale and the experiment price less than £20 is mainly due to the batteries used. Multiplied 137 times, this experimental setup was given at the fourth open international Experimental Physics Olympiad (EPO4) and a dozen high school students did very well. This article, however, focuses on the catastrophe theory, which is the basis of the methodology. Imagine a parallel plate capacitor. One of the plates is a suspended pendulum at x 1 = 0. The other plate is fixed on a movable block at x. When a voltage E is applied to the capacitor, the pendulum is shifted towards the other plate to a distance y. The distance between the parallel disk-shaped plates becomes z = x − y > 0. The pendulum length L e ≈ 54 cm is much larger than the shift and for the restoring gravitational force we have approximately Hooke's law
Imagine a parallel plate capacitor. One of the plates is a suspended pendulum at x 1 = 0. The other plate is fixed on a movable block at x. When a voltage E is applied to the capacitor, the pendulum is shifted towards the other plate to a distance y. The distance between the parallel disk-shaped plates becomes z = x − y > 0. The pendulum length L e ≈ 54 cm is much larger than the shift and for the restoring gravitational force we have approximately Hooke's law
For brevity in one and the same expression we introduced the potential energy U g , the force F g calculated as its derivative and gave the approximate expression used in the present work. We use D e = 2R e = 54 mm diameter aluminum plates punched according to EC standard jar caps with mass m e = 1.14 g. Here we are not going to rewrite a textbook on electrodynamics, our purpose is to give a concise reference to many formulae for the force which can be found in the literature. The electrostatic force F e is the gradient of the effective potential energies 1 defined in the parentheses below
where Q = CE is the capacitor charge. The concise expression above could be described in six different rows with one page text between them thus losing the transparent physical meaning. Nevertheless, some people prefer the horrible pleonasm of the detailed sequential description. Only referred formulae are numbered because reference to a numbered formula is like GOTO operator in the programming. The capacity can be calculated as the energy of the electric field E(x) = −∇ϕ
where the first surface integration is around one of the plates of the capacitor and the second volume integration is over the whole 3-dimensional space. The electrostatic energy U Q calculated as integral of the energy density on the whole space is a positive variable. The electric potential on the electrodes of the capacitor is constant while in free space it is a harmonic function. Different expressions for the force
are convenient for different type experiments at fixed voltage E or at fixed charge Q. Both type experiment can be done in the described experimental set-up. One more intuitive point of view for the effective potential U E is to consider as a Gedanken Experiment parallel switching of one big capacitor C 0 ≫ C(z) charged by a voltage E at z = ∞, when C(z = ∞) = 0. For the charge of the big capacitor we have Q 0 = C 0 E and this charge is conserved. After opening of the parentheses, the total electrostatic energy reads
The last term is negligible 1/C 0 ≪ 1/C(z), the middle is a constant irrelevant with respect to z differentiation, and again we arrive at U E (z, E) = − 1 2 C(z)E 2 using a charge reservoir as an auxiliary construction. The effective potential U E is negative because it describes the energy of an open system including the energy spent by external voltage source to keep voltage constant. The second derivation is more understandable for students not familiar with the thermodynamic style of writing the derivatives.
The position z of the shifted pendulum by the electric field is determined by the minimum of the total energy
The experiment is conducted at DC voltage, but if AC current is used E is the RMS value. The forces are balanced in equilibrium and the total force
The equilibrium is stable if the potential energy second derivative is positive
Then, for small deviations from equilibrium, we again have Hooke's law for the force
and the oscillations frequency of the pendulum
if the friction force is negligible. We can describe the experiment now. At fixed voltage E = const, after waiting for the oscillations to attenuate, we move the block very slowly towards the pendulum, decreasing the control parameter x. We can note that the oscillations frequency also decreases and their period T = 2π/ω(z 0 ) increases threateningly, and that critical slowing down is the precursor of the stability loss.
The system loses stability F (z e ) = 0 and k e (z e ) = 0 at some critical value x e of the control parameter, and evanescent perturbations of the pendulum suddenly swing it towards the block. Such a leap or a catastrophic change of the state of the systems at a slight variation of the control parameter is systematically described by the catastrophe theory. In our case, the potential energy at x e has an inflection point
If we substitute in this system the Helmholtz formula for a round capacitor, see for example 8th volume of the Landau-Lifshitz Course of theoretical physics
after some algebra we get
There are only measurable quantities on the right and electric ones on the left; the dimensionality of this equation is force. We repeat the experiment for different voltages, for instance 100, 200, . . . , 800 V provided by 23A batteries placed in plastic tubes (16 × 12 V ≈ 200 V). This is a safety measure for the high school students participating in the Olympiad, while a standard voltage source could be used in a university student laboratory. After the plates stick to each other, the capacitor is short-circuited and the distance x e is carefully measured with a ruler with 0.5 mm accuracy. The proportionality coefficient ε 0 at the different voltages E is determined via the standard method for linear regression. And the experimental points are fitted in (F e , E 2 ) plane with a straight line with high correlation coefficient.
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B. Magneto-static experiment
The magneto-static experiment is practically identical to the electrostatic one. The attracting metal disks are substituted with attracting coils with diameter D m = 2R m = 65 mm and N=50 turns of 80 µm Cu wire which parallel currents I flow through. The most sensitive range of the used multimeters is 200 mA therefore the currents for the magneto-static experiment are up to this value.
The equilibrium position z of the perturbated by the magnetic attraction pendulum with length L m ≈ 55 cm and coil mass m m = 1.18 g, is determined by the minimum of the potential energy
where:
and by the zeroing of the force
All formulae are given in the most rigorous, logically and sequential way possible, see for example arbitrary encyclopedia on theoretical physics.
1 The final formulae for the effective potential energy U m and the force F m are expressed by the mutual inductance M , radial component of the magnetic field B r and the azimuthal component of the vectorpotential A ϕ . The force between two coaxial coils is derived in every complete text on electrodynamics. In most software systems the argument of elliptic integrals E and K is κ 2 . The mutual inductance between the coils can be determined experimentally by applying a current through one of the coils and measuring the electromotive voltage E 2 = −M d t I 1 of the other. One of the methods for measuring the mutual inductance between the coils is, for example, applying a DC current trough one of the coils, fast switching off the current and measuring the peak voltage on the other. As a rule however, for practical realizations a harmonic AC current is applied and the voltage is measured by a lock-in but those are technical details. The radial magnetic field B r is expressed by z-derivative of the azimuthal component of the vector potential A ϕ . The minus sign in the effective potential energy −M I 2 has the same nature 1 as the minus sign of the effective electric potential energy −CE 2 /2. The experimental method of the magneto-static experiment is slightly different. Instead of a fixed set of voltages E and block movement changing x, we now fix x and with a voltage source and potentiometer vary the total current I passing successively through both closely separated coils ǫ = z/D m ≪ 1. Gradually increasing the current, which is a control parameter now, the small oscillations frequency decreases, and at a definite critical current I the system loses stability and the pendulum coil sticks to the one fixed on the block. The solution of the magneto-static problem
determines the distance x m between the coils at the potential inflection point and gives the condition
where the correction function f m > 0 is depicted in Figure 1 and tabulated in Table I . The experimental data processing is related to fitting of experimental data by the linear regression in the (F m , I 2 ) plane. The parameters of the magnetic experiment are similar to the electric one, see also the photo of the experimental setup.
2 Thus the constant µ 0 is determined in an explicit form by the coefficient in the linear regression of the experimental data as ε 0 by the electric experiment.
We can use linear regression or simply divide the measured current by the ammeter from the right side. At small values of the parameter δ m = x m /D m when the coils are separated at a distance much less than their diameter, the approximate formulas for elliptic integrals 
C. Determination of the light velocity
At known ε 0 and µ 0 , the velocity of light c = 1/ √ ε 0 µ 0 is also determined with percent accuracy and this also is the accuracy of the standard multimeter for current I and voltage E measurements, as is the precision of the measured distances with 0.5 mm accuracy also. The largest error is in the distance x measurement and it may be useful a magnifying glass to be added to the experimental setup after power source shut off. Both methods have in common the lack of forces measurement with an analytical (electronic) scale, which significantly lowers the price of the experimental setup and makes it suitable for popularization even for 10-ager terminators of expensive equipment. Both electrostatic and magneto-static experiments have also in common the usage of the catastrophe theory that we mention in the next section.
II. CATASTROPHE THEORY
The current for the magneto-static experiment can be fixed too, and thus both experiments control parameter will be the distance x between the coils or the capacitor plates after the voltage disconnect and short-circuiting. It is convenient to consider x as a parameter of the total potential energy U (z, x) dependence on the distance z between the plates or coils at a switched circuit. Around the minimum we have:
The position of the minimum z 0 is determined by the zeroing of the force
and the small oscillations frequency is determined by the second derivative in the minimum
Let us look at the second derivative k(z 0 (x)) behaviour, i.e. the system rigidity around this minimum when the control parameter x is varied. Gradually decreasing the parameter x, at some critical value x c the second derivative in the minimum becomes zero k(z 0 , x c ) = 0. If we analyse the potential energy as a function of two variables U (z, x), we have the mathematical problem for finding the solution (z c , x c ) of the system
At close proximity to the thus determined values of the potential energy variables we have the approximation
Let us introduce new variables
then the potential energy approximation has the standard form of the canonical fold catastrophe from the catastrophe theory
This fold in the space (a, b, x) is presented 40 times and the corresponding formula 12 times in the well-known reference monograph on catastrophe theory and its applications by Tim Poston and Ian Stewart. 4 Let us review the used terminology.
The pendulum transition, which at a critical value of the current I, voltage E or the distance from equilibrium x suddenly rushes towards the block is an example for the so called catastrophic jumps by René Thom 5 and Cristopher Zeeman. 6 The variables x, E or I are called control variables (or control parameters) and z is called a behaviour variable (or state variable). The catastrophic jumps occur when smooth variations of controls cause a discontinuous change of state. In other words, the variable x is a control parameter and the distance z between the coils or capacitor plates is a behaviour variable. The variable z has a catastrophic change when a smooth variation of x takes place around the critical value x c . Without referring the catastrophe theory notions explicitly, such behaviour can be found in many physical problems: stability of orbits in the field of a black hole (briefly mentioned below), appearance of p-, d-, f-, and g-electrons in atoms with different Z, critical point, corresponding states rule and Landau theory of second order phase transitions, plane flow of compressional gases, see the well-known Landau and Lifshitz encyclopaedia.
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And there are applications in such fields like heartbeat and propagation of a nerve impulse. 7, 8 Landau concepts of description of phase transition by breaking symmetry order parameter replaced science of type of zoology in a unified theory. 9 It is interesting that even biological phenomena can be described by differential equations similar to the kinetics of the order parameter. Our experimental setup is to a large extent influenced by the Zeeman catastrophic machine 6 and by Tim Poston's work on Do-it-yourself catastrophe machine. 10 In our machine the rubber elastics are replaced by force lines of the electric and magnetic field. In the same intuitive manner in which Faraday introduced force lines and concepts of a field in the mathematical Physics. Do-it statement does not refer to funding restrictions, we introduce a new idea for the usage of the notions of the catastrophe theory in the methodology of a student laboratory. Concerning the high school students, they are potential terminators of precise scales.
The theory of the described experiment is related to analysis of the potential surfaces derived in the appendices for the electric W e and magnetic W m problem. In Fig. 2 the surfaces are depicted in dimensionless variables
For the gravitational problem of stability of a circular orbit around a black hole 1 W g = U/mc 2 , Z = r/r g , X = M/mcr g is the dimensionless angular momentum and r g is the Schwarzschild radius. We refer to black holes because "collapse" of the plates of the capacitor or the joining of the coils of the magnetic pendulum is analogous to the recently observed merging of black holes,
11 which approximately can be described using fold instability. The sections W (Z, X) in Fig. 3 are given for 3 typical sections values W (Z; X) for X < X c , X = X c and X > X c .
FIG. 2:
The potential surfaces We (left), Wg (center) and Wm (right). The right branch of the curves (blue in the colour version) lines represent the stable local minima of the potential energy as function of Z at fixed values of X. The left branch of the curves (green in the colour version) show the local unstable maxima. Those two branches (the green and blue lines) join at the critical point (red in the colour version) at which minima and maxima annihilate for the critical value Xc. For the gravitational problem local extrema are depicted by magenta in the colour version. The 3 parallel black curves over all 3 surfaces are copied in the next Fig. 3 . Those curves demonstrate local extrema for X > Xc, monotonous dependence for X < Xc, and most important the catastrophic behavior at the critical value X = Xc.
FIG. 3:
Three sections of the potential surfaces close to the critical point for electric We (left), gravitational Wg (center) and magnetic Wm (right) problem. The points of the unstable maxima are marked in green in the colour version, while the points of local minima are marked by blue for X > Xc. For the critical value X = Xc maximums and minimums merge in an inflection point marked by red in the colour version. For X < Xc the potential curves are monotonous without local extrema. The zeros of the second derivative between the minumum and the maximum of the potential curves are shown in purple in the colour version.
The St. Clement of Ohrid University students use a catastrophic machine for measurement of the fundamental constant velocity of light. We review some technical details in the next section.
III. TECHNICAL DETAILS
In numerical analysis of the problem when the total potential energy for both electrostatic and magneto-static problems are programmed as functions U (z, x), the inflection point is found via a solution of the corresponding system for zeroing of the force F and the rigidity of the system k. With thus found current I or voltage E critical values, the universal scaling functions δ = x/D can be determined by the numerical solution 
. We prefer an expression in which one can easily trace the origin of the different multipliers. We gradually decrease x and at some critical value xc the equilibrium position zc ≈ xc/3 loses stability and a catastrophe happens. The pendulum (the suspended plate of the capacitor) suddenly sticks to the fixed one at z = 0. When the switch is changed to upper position, the pendulum minimizes its gravitational energy κ(xc − z) 2 /2 only and z = xc. In a good approximation x There are analytical methods, of course, that give power series and the first correction was given for homework to the participated students in EPO4 with a Sommerfeld prize of 137 DM. And the high school students had to derive the main term with f e ≈ 0 and f m ≈ 0 during the Olympiad too.
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IV. HISTORY NOTES
Immediately after realizing that there is current in the magnetic field equation j + ε 0 ∂ t E, Maxwell understood that the velocity of light can be determined from purely static separate measurements of electric and magnetic forces connected with the electromagnetic stress tensor and its energy density
12 If the product of unit current e I and unit voltage e E gives the mechanical unit for power, then c = 1/ √ ε 0 µ 0 in any choice of units. The ε 0 and µ 0 numerical values is a matter of choice and convenience, for instance in Gaussian units 4πε 0 = 1 and µ 0 /4π = 1 and these relict multipliers participate in our formulas. In Lorentz-Heaviside units ε 0 = 1 and µ 0 = 1 and naturally c = 1. This is practice in the modern metrology, the velocity of light is not measured from a long time and the convention c = 299 792 458 m/s is used. 13 The unit meter is redefined at a fixed time standard. The same can be said for the Ampere, the unit of current is fixed in 1948 in order µ 0 = 4π × 10 −7 NA −2 . In this sense "measurement the speed of light" only marks an important stage of the development of physics. In common language using, for example Google, the "speed of light" is almost twenty times more frequently used than "velocity of light" but in science in the titles of the arXiv e-prints the frequencies are comparable. But even now, when the student measure the mechanical force of the electric field the tutorial 16 says: Congratulations you have just measured one of the fundamental constants of nature! For µ 0 again 16 with one extra comma: Congratulations, you have just measured one of the fundamental constants of nature!. As in biology, the individual development repeats the evolutionary one. That is why we are saying to the students that they "measure" fundamental constants, not: Congratulations your multimeter is still OK!.
The purpose of our methodical experiment is to guide the students through the development of the electrodynamics using for fun a catastrophic machine that can be built in a day, costs £20 and has a percent accuracy in case of precise work. But we use catastrophe machine not by funding restrictions but to demonstrate how an good mathematical idea 10 can be used in student laboratory experiment. Organizing of a Olympiad with 137 participants and giving the setup to every one we had no possibility to buy for everybody electronic scale. That is why we decided to apply catastrophic theory which requires to measure only distances but not forces. Of course, for students labs the usage of measurement of forces or balance of scales is a tradition coming from the time of Maxwell.
14 Let us mention the setup of Berkeley university, 15 MIT, 16 University of Sofia, 17 and the Gymnasium in Breziche.
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V. CONCLUSIONS
This experimental setup is a part of the Physics faculty of St. Clement of Ohrid University program for development of cheap experimental setups for fundamental constants measurements, see for example the description of the setup for measurement of Planck constant by electrons 19 and the measurement of speed of light by analytical scales.
17
The experimental setups can be constructed even in high (secondary) school laboratories and the corresponding measurements can be conducted by the high (secondary) school students. The authors are grateful to 137 participants (students and teachers) in EPO4 where the described experimental setup in this article was used and a dozen students measured c and derived the formulas.
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In general, we can conclude that notions of catastrophe theory can be very useful for invention of new set-ups in student laboratory of physics. This is a style of thinking in a broad problems in science and technology.
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With the thus determined dimensionless distance between the plates, we derive the pendulum deviation Y = X − Z from the condition for the balance of the forces x e R e and after substitution of a and D e we get the formula for ε 0 E 2 .
Appendix B: Magneto-static pendulum stability analysis
The magnetic force can be presented by the derivative of the effective potential energy
The mutual inductance M describes the magnetic flux one of the coils creates through the other one and the electromotive forces
For equal currents I 1 = I 2 = I we obtain for the magnetic force of the parallel attracting currents The Levi-Civita symbol ε zϕρ = −1 comes from the vector product sign from the Lorentz force q e v × B acting on every electron flowing through the loop. The radial magnetic field B r we define as a product of the elementary formula for the magnetic field of an infinite current µ 0 (N I)/2πz and of the correction multiplier (1 − f m ), and for closely separated coils z ≪ D m = R m /2 the correction is small f m ≪ 1. Introducing
